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ABSTRACT Biopreservation processes such as freezing and drying inherently introduce heterogeneity. We focused on explor-
ing the mechanisms responsible for heterogeneity in isothermal, diffusively dried biopreservation solutions that contain a model
protein. The biopreservation solutions used contained trehalose (a sugar known for its stabilization effect) and salts (LiCl, NaCl,
MgCl2, and CaCl2). Performing Fourier transform infrared spectroscopy analysis on the desiccated droplets, spatial distributions of
the components within the dried droplet, as well as their speciﬁc interactions, were investigated. It was established that the for-
mation of multiple thermodynamic states was induced by the spatial variations in the cosolute concentration gradients, directly
affecting the ﬁnal structure of the preserved protein. The spatial distribution gradients were formed by two competing ﬂows that
formed within the drying droplet: a dominant peripheral ﬂow, induced by contact line pinning, and the Marangoni ﬂow, induced by
surface tension gradients. It was found that the changes in cosolute concentrations and drying conditions affected the spatial
heterogeneity and stability of the product. It was also found that trehalose and salts had a synergistic stabilizing effect on the
protein structure, which originated from destructuring of the vicinal water, which in turn mediated the interactions of trehalose with
the protein. This interaction was observed by the change in the glycosidic CO, and the CH stretch vibrations of the trehalose
molecule.
INTRODUCTION
Heterogeneity and phase separation
Protein stabilization aims at preserving the native structure of
a protein during processing and storage by minimizing (and
if possible, completely eliminating) its conformational tran-
sitions. This is essential, since the structure of the stabilized
protein is directly correlated to its poststorage function and
activity (1). During any stabilization process, the thermody-
namic state of the medium surrounding the protein is altered
(by desiccation, cooling, freezing, or freeze-drying). Since
its motions, and therefore its structure, are governed by its
surroundings (2), the protein is directly affected by these
changes (mostly negatively, by losing its native structure and
denaturing). To preserve protein structure, typically, cosolutes
(such as salts, sugars, or polyols) are added to the medium as
stabilizers (3–5). These stabilizers help alter the chemical
and physical properties, and the thermodynamic state of the
medium in favor of the protein. Their efﬁciency is, however,
constrained by the thermodynamic, and the kinetic factors
associated with the particular stabilization process applied.
To achieve successful stabilization of the protein, it is crucial
to reach the optimum thermodynamic state ‘‘uniformly’’
throughout the medium. If the medium is heterogeneous (i.e.,
if there are multiple separated phases present that are not in
thermodynamic equilibrium with one another), it will con-
tinue to evolve during storage, causing degradation of the
protein.
Stabilization processes, based on desiccation, cooling,
or freezing, are surface-induced and thus are inevitably
governed by scale-dependent kinetic constraints. During
processing, these kinetic constraints induce heterogeneity
(solute and solvent concentration gradients, thermal gradi-
ents, and eventually phase separation in the medium). During
freezing, ice crystallization induces thermal (due to latent
heat release), and concentration gradients (due to solute
rejection), causing phase separation in the medium (i.e., for-
mation of regions at different thermodynamic states). For
example, during a typical cryopreservation application,
initially the bulk water freezes, increasing the concentration
of the solutes in the rest of the unfrozen solution. Upon
further cooling, the freeze-concentrated solution vitriﬁes (6).
This process creates two distinct regions within the same
medium with two distinct states (a metastable phase: glass;
and a stable phase: crystalline ice). Presence of different
cryopreservation agents such as polyethylene glycol, glyc-
erol, dimethylsulfoxide, sucrose, trehalose, and salts in the
medium yield to even more complex thermodynamic and
kinetic transitions (7–9), forming multiple thermodynami-
cally distinct regions. Region boundaries have higher free
energy to initiate protein denaturation (10), aggregation, and
crystallization, and induce discontinuity in the stress ﬁeld,
causing cracking (11). These preservation agents can also
interact with the protein through water replacement and
preferential exclusion mechanisms. On the other hand,
during desiccation of preservation solutions, the solvent is
removed by reducing its concentration at the air-liquid inter-
face (for example, by diffusive or convective evaporation of
water from the aqueous solution). This creates steep solute
concentration and temperature gradients within the solution,
yielding to solute aggregation, skin formation, crystalli-
zation, and cracking within the desiccated medium (12).
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Heterogeneity is unavoidable even during rapid desiccation
of very thin ﬁlms of biopreservation solutions (13).
Phase separation during desiccation, freezing (9), and ly-
ophilization (14) processes has been previously observed and
quantiﬁed in bulk solutions, mainly by thermal, kinetic, and
calorimetric analyses of biopreservation solutions (15–18),
and solutions containing proteins (19–21). The ultrastructure
of the processed products was visualized by scanning electron
microscopy (22,23), and analyzed by infrared (IR) imaging
(21) and spectroscopy of the bulk product (24). However, to
date, irrespective of the stabilization process applied, it has
not yet been reported how the protein populations are distrib-
uted among different thermodynamic regions within the same
product, and what role(s) the population distribution plays
in determining the stabilization efﬁcacy of the biopreservation
solution or the process, and the postthaw activity of the bulk
product.
Desiccation phenomena
For desiccated state preservation of proteins (or any bioma-
terial and organism), currently available methods are freeze-
drying (lyophilization) (25,26), foam vitriﬁcation, spray-drying
(27,28), and isothermal diffusive/convective drying (29,30).
Depending on the application, all of these methods have
major advantages that make them particularly more efﬁcient
under certain conditions. For example, one advantage of
isothermal drying, with respect to lyophilization (especially
at commercial production scales), is that the process does not
require specialized cryogenic and low-pressure equipment or
process, thus reducing processing costs.
Desiccation processes are of interest not only in preser-
vation research, but also in deposition of thin ﬁlms, surface
patterning (31), bioreactive and biosensing coatings (32),
ink-jet printing (33), microarray analysis of biomolecules
(34,35), and more recently in the early diagnosis of disease in
bodily ﬂuids (36), detection of very low concentrations of
chemicals and contaminants in solutions (37,38), and separa-
tion of nanoparticles from solutions (39,40).
Desiccation kinetics of a solution drying in contact with a
surface is mainly affected by the environmental conditions
(such as temperature and relative humidity (RH)), the chem-
ical composition of the solution, and the interactions of
the solution with the surface it is dried on. Environmental
conditions act on the surface of the solution, mainly affecting
the evaporation rate of the solvent. Chemical composition
of the solution determines its physical, chemical, and rheo-
logical properties, the diffusivity of the solvent (and the
cosolutes) in the solution, crystallization rates of the cosolutes,
and ultimately, the ﬁnal thermodynamic state after drying.
Hydrophilic surfaces induce contact line pinning for sessile
droplets, causing ring-like deposits in the periphery (41,42).
One of the main factors contributing to spatial heterogeneity
in a drying sessile droplet is the variation of the solvent
evaporation ﬂux on the droplet surface. The evaporation ﬂux
is lowest at the center of the droplet but increases toward the
pinned periphery (Fig. 1). This is associated with the higher
probability of escape for the solvent molecules located at the
periphery of the droplet (41). Higher evaporation ﬂux at the
droplet periphery induces a radially outward ﬂow (Fig. 1)
within the desiccating droplet (called the peripheral ﬂow)
(41). The peripheral ﬂow continues as long as the driving
force (i.e., the evaporation ﬂux at the surface) is higher than
the opposing force (the viscous drag on the solute particles).
This ﬂow is opposed (43) or sometimes even strengthened
(44) by the Marangoni ﬂow fueled by the temperature and
solute concentration dependence of the surface tension (45).
Due to nonuniform evaporation ﬂux on the sessile droplet
surface, the temperature at the surface is lowest at the periph-
ery and highest at the center. Due to peripheral ﬂow, on the
other hand, the solute concentration is higher at the periphery.
These two factors interact to create Marangoni instability.
In some cases, recirculation zones appear within the drying
droplet due to the synergistic effects of the Marangoni ﬂow
with the peripheral ﬂow (43,46). In other cases, the Marangoni
ﬂowmay weaken the effects of the peripheral ﬂow by carrying
the solutes back to the center of the droplet.
Speciﬁc interactions
Another factor that is of importance is the speciﬁc interac-
tions among the constituents (cosolutes and the protein) in
the solution. With increased crowding within the desiccating
droplet, these interactions become more signiﬁcant. Most bio-
preservation solutions incorporate cosolutes such as the non-
reducing sugar, trehalose (47). Trehalose has been shown to
be beneﬁcial in stabilizing biomaterials and organisms dur-
ing freezing, drying, lyophilization, and storage (5,48,49).
Presence of other solutes such as cations and anions in the
biopreservation solution can enhance stability (50,51) through
an unknown synergistic effect (52,53). The interactions
between ions and carbohydrates have been observed in the
form of cation-carbohydrate complexes (54,55), and the
change in the physical and thermodynamic properties of
concentrated trehalose solutions by anions (56). For example,
Mazzobre et al. (52) documented an increase in the stability of
b-galactosidase upon drying in the presence of trehalose and
Mg21 (which they attributed to delayed crystallization of
FIGURE 1 Schematic of a drying sessile droplet. (Solid line) peripheral
ﬂow, (dashed line) Marangoni ﬂow. The graph represents the variation of
temperature (T) and the solvent evaporation ﬂux (J$) on the surface of the
droplet.
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trehalose). Since it is hypothesized that the mechanism of
stabilization by all cosolutes is through ordering, structuring,
and changing the thermodynamic phase or state of the water
around biological materials (by water replacement (27) and
preferential exclusion mechanisms (57)), it is possible that
ions also affect the hydration characteristic of sugars and the
proteins.
All of these physical, rheological, kinetic, and chemical
factors described above, when combined, create quite an
unpredictable outcome even for a seemingly simple process
as sessile droplet desiccation. Fig. 2 shows images of Vi ¼
1.0 ml (Vi: initial volume) desiccated droplets (dried on BaF2
windows for 24 h at room temperature and 0% RH) that
contain a model protein (lysozyme), a sugar (trehalose), and
various salts. Visually, signiﬁcant differences are observed
among different samples; even spatial variations are seen
within the same sample. This brings up questions of what
these visual differences mean in terms of the microstructure,
the distribution of solutes within the droplet, and the struc-
ture of the protein. These questions become of paramount
interest since traditionally, in biopreservation research, pro-
teins, cells, and bacteria are suspended in biopreservation
solutions, which are then deposited on a surface (usually in
the form of a thin ﬁlm or droplet), where they are con-
vectively or diffusively dried under controlled conditions
(29,58,59). Upon rehydration, the activity or the viability of
the whole population is measured (without any regard for the
heterogeneity within the dried droplet).
We hypothesize that due to the factors examined above,
different populations of the biological materials and orga-
nisms experience very signiﬁcantly different histories and
microenvironmental conditions during processing and stor-
age. This is reﬂected in the heterogeneity of the medium,
which affects the poststorage activity. We further hypothe-
size that this directly affects the outcome of the experiments
performed to determine the preservation efﬁciency of a par-
ticular cosolute, preservation solution, or the preservation
technique. To test these hypotheses, in this research we
focused on:
1. Quantifying the spatial heterogeneity in desiccated sessile
droplets in terms of the solute (trehalose, salt, and lyso-
zyme) and water concentration gradients, phase-separation
tendencies, and the thermodynamic states of the coexisting
separated phases.
2. Exploring the effects of the local variations of trehalose,
salt, and lysozyme concentrations on the thermodynamic
phases and states of the desiccated solution.
3. Establishing the interactions of salts and trehalose in sta-
bilizing the secondary structure of the desiccated lysozyme.
MATERIALS AND METHODS
High purity trehalose dihydrate was purchased from Pfanstiehl (Ferro
Pfanstiehl Laboratories, Waukegan, IL). Other chemicals (LiCl, NaCl,
CaCl2.2H2O, MgCl2.6H2O) and the model protein (hen egg white lysozyme)
were purchased from Sigma (St. Louis, MO). All of the solutions were
prepared gravimetrically on a microbalance using ultrapure water. Ultrapure
water (with electrical resistivity.18.2 MVcm at 25C) was obtained using
a Milli-Q water puriﬁcation system (Millipore, Billerica, MA) through
ﬁltering of deionized water. Experimental solutions were prepared using
combinations of 1, 2.5, or 5% w/w trehalose (TRE), 0.5% w/w lysozyme
(LYS) and 1:1 molar ratio of salt to TRE. The four different salts used in this
study were LiCl, NaCl, MgCl2, and CaCl2. The mass of water in the hydrates
was accounted for in measuring the required mass of water to prepare the
solutions. The initial concentration of TRE in the solution (1% w/w) was cho-
sen to minimize desiccation-induced instabilities in the drying biopreserva-
tion solution based on previous experience (12). The ratio of TRE to LYS
was chosen based on previous results of Carpenter et al. (49) showing the
effectiveness of TRE in stabilizing freeze-dried LYS at that speciﬁc ratio. In
the samples containing LYS and salt (LYS-salt), the salt content was the
same as the solutions containing trehalose, lysozyme, and salt (TRE-LYS-
salt). Before experiments, the solutions were mixed vigorously and passed
though a Teﬂon ﬁlter (0.2 mm pore size). Vi ¼ 1.0 or 10 ml of the
experimental solutions were deposited on BaF2 windows and dried at 22C
and 0% RH in sealed drying boxes containing excess amounts of CaSO4.
BaF2 windows were used as they provided a hydrophilic surface in addition
to being transparent in the infrared light region of interest. After desiccation
for 24 h, the BaF2 windows containing the samples were transferred to an IR
microscope connected to a Fourier transform infrared spectroscope (FTIR:
Thermo-Nicollet 6700 equipped with a deuterated triglycine sulfate detector;
Thermo Electron, Waltham, MA). FTIR spectra (in the range of 930 to
4000 cm1) were recorded using an aperture size corresponding to an area of
100 3 100 mm on the sample. On each sample, multiple IR spectra were
collected, starting from the center of the droplet and moving in a radially
FIGURE 2 Photomicrographs of aqueous sessile droplets (Vi ¼ 1.0 ml)
dried on BaF2 windows at room temperature and 0% RH for 24 h. Each row
corresponds to a different salt present in the solution at a 1:1 molar ratio to
trehalose.
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outward direction in 100 mm increments. A total of 64 IR scans were
collected and averaged at each location. Similar drying experiments were
carried out to establish the effects of hydrophobic surfaces (such as gold-
coated microslides or CaF2 windows) on the desiccation kinetics of droplets,
the ﬁnal state and the uniformity of LYS concentration in the desiccated
droplet. Photomicrographs of the desiccated droplets were taken by a digital
camera attached to the IR microscope.
Data analysis
Distribution of TRE within the dried solutions was determined using the
absorbance intensity of the 1150 cm1 band corresponding to the n-CO of
the glycosidic bond. Distribution of LYS was determined using the absor-
bance intensity of the amide-II band located at ;1540 cm1. Desiccation-
induced changes in LYS secondary structure were observed by the changes
in the amide-I (1600–1700 cm1) and amide-II (1510–1580 cm1) bands.
In addition to incorporating bands attributed to backbone conformations of
proteins, amide-I band also involves contributions from a water-bending
mode, making protein analysis difﬁcult. Amide-II band (associated with
d-NH and n-CN in protein side groups), on the other hand, is not affected by
spectral contributions from water. Upon desiccation of the protein, the amide
II band broadens due to an increase in the absorption at the frequency
corresponding to b-sheet structures located at 1535 cm1 (60). To quantify
the resultant changes in the protein structure, a correlation coefﬁcient, r,
which is based on the shape of the amide II band, was utilized. The
correlation coefﬁcient, r, is given by (1)
r ¼ +xiyiﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
+x2i+y
2
i
q ; (1)
where xi and yi represent the spectral absorbance values of the second-
derivative spectra at the ith wavenumber position for the reference (i.e., fully
hydrated LYS), and the desiccated protein, respectively, in the region 1510–
1550 cm1. r ¼ 1.0 indicates that the protein preserved its native secondary
structure, and r/ 0 that its secondary structure changed (i.e., the protein
denatured).
RESULTS
Experiments were performed to quantify heterogeneity in
desiccated sessile droplets of a biopreservation solution
containing TRE and salt, and LYS. The changes in the
secondary structure of the lysozyme were analyzed to probe
the solute-protein interactions in different regions of the
droplet.
Salt solutions
To establish a baseline for measurements, experiments were
performed with sessile droplets containing aqueous salt solu-
tions (Vi ¼ 1 ml), which were deposited on BaF2 windows
and dried extensively (24 h at room temperature and 0%
RH). Desiccated droplets that contained LiCl, MgCl2, and
CaCl2 produced IR spectra with double peaks in the amide-I
region, typical for hydrated crystalline structures (61). In
these droplets, the water combination peak located at 2150
cm1 also changed in shape and location, showing strong
water-salt interactions. On the other hand, dried droplets that
contained NaCl did not exhibit water-related spectral
features. This is expected since NaCl does not form crys-
talline hydrates at room temperature and ambient pressure
(62). These experiments showed that even with extensive
drying at room temperature, water could remain entrapped in
salt crystals.
TRE, LYS, and LYS-TRE solutions
In TRE solutions, spectral peaks in the TRE ﬁngerprint
region (900–1200 cm1) shifted to lower wavenumbers upon
drying, indicating a decrease in hydrogen bonding in TRE.
This was also conﬁrmed by the measured decrease in the
magnitude of the 1047 cm1, peak indicative of a decrease in
the hydrogen bonding of the COH groups (63). TRE mainly
accumulated at the periphery of the desiccated droplet
(mainly within 300 mm of the droplet edge) in the form of a
ring (Fig. 3 a). This was due to a rather strong peripheral ﬂow
within the droplet, typical for desiccating droplets experi-
encing contact line pinning (41). The amount of water
entrapped in the TRE droplet also varied spatially and was
largest at the periphery of the droplet, where TRE accumu-
lation climaxed. There was no evidence of crystallization of
TRE. Rather, in accord with previously published results,
TRE remained amorphous (12).
In LYS solutions, LYS mainly accumulated in the outer
periphery (70% of the total population) in a narrower ring
conﬁned to 100–150 mm from the edge of the dried droplet
(Fig. 3 b) following a very steep concentration gradient.
Throughout the sample, the shape and the location of the
amide-II peak was signiﬁcantly different from that in the
native state (Fig. 4 a) with raverage ¼ 0.68. The spatial varia-
tion of r was independent of the local concentration of LYS.
In the dried LYS droplets, there was a dark spot located in
the center region, which had a higher LYS concentration
than the surrounding area (Fig. 2). Exact location of the dark
spot varied from experiment to experiment, but it was always
in the center region. The formation of the dark spot was
attributed to a weak Marangoni ﬂow (43), which carried the
protein to its locus. r values measured in the dark spots were
not different from those in the surrounding areas.
In the LYS-TRE solutions, the ﬁnal spatial distribution of
LYS was altered due to the presence of TRE. The LYS
concentration gradient in the outer periphery was less steep,
which caused an increase in the width of the deposition ring
to 400–450 mm (Fig. 3 c). This was attributed to the higher
viscosity of the solution, which decreased the speed and
duration of the peripheral ﬂow. The spatial distribution of
TRE in the LYS-TRE solution also varied from that in the
TRE only solution. The most signiﬁcant difference was in
the outer periphery, where the TRE concentration decreased
with respect to the peripheral region due to a very high
concentration of LYS in this region (probably due to high
surface afﬁnity of LYS). This caused a very signiﬁcant drop
in the TRE/LYS ratio at the outer periphery (at ;700 mm).
There was no evidence of a Marangoni ﬂow in the droplet. In
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the presence of TRE, r values for LYS increased signiﬁ-
cantly, ranging from 0.9 to 0.97 (raverage ¼ 0.94) through-
out the sample (Table 1). The most signiﬁcant increase was
in the periphery, where the TRE concentration peaked.
Even though the TRE concentration was lower in the center
(when compared to the periphery), r values were still higher
(rcenter ¼ 0.9) than LYS-only samples (raverage ¼ 0.68).
These results clearly showed the spatial variations of TRE
and LYS concentrations in the desiccated droplets, mainly
caused by a peripheral ﬂow and the high surface afﬁnity of
LYS. Various regions in the desiccated droplet are deﬁned in
Fig. 3 d. IR spectra in the amide-I and amide-II range
obtained from different solutions are presented in Fig. 4, a
and b. Note the difference in the amide-II region between the
hydrated and dried LYS, and the similarity between the
hydrated LYS and the LYS-TRE solutions.
Salt solutions with LYS
Desiccated LYS-salt solutions (containing 0.5% w/w LYS
and a 1:1 molar ratio of LYS/salt) exhibited similar LYS
concentration distributions as the LYS solutions, with.60%
of the LYS population accumulating in the outer periphery.
The width of the ring structure was;100–150 mm, similar to
that in LYS solution, showing the negligible effect of the
added salts in increasing the viscosity of the solution and
slowing the peripheral ﬂow.
In the LYS-salt solutions, probably due to being excluded
from the protein rich periphery, salts crystallized primarily in
the central region (Fig. 2). Since salts did not have distinct IR
ﬁngerprint spectra, it was not possible to detect their accu-
mulation in the periphery. However, no salt crystals were
visually observed in the periphery. This meant that even if
salts were also present in the periphery, they did not form
FIGURE 3 (a) Dried TRE solution (inset, SEM image of the outer periphery region), (b) dried LYS solution, (c) dried LYS-TRE solution (inset, SEM image
of the outer periphery region), and (d) the locations of the outer periphery, periphery and the center of the dried droplet. X axis (position) in the ﬁgure
corresponds to the radial distance from the center of the droplet.
TABLE 1 Effect of salts on protein secondary structure
Sample raverage (Range) Sample raverage (Range)
LYS 0.69 (0.69–0.76) LYS-TRE 0.94 (0.90–0.97)
LYS-LiCl 0.68 (0.5–0.8) LYS-TRE-LiCl 0.99 (0.95–0.99)
LYS-NaCl 0.75 (0.6–0.8) LYS-TRE- NaCl 0.95 (0.92–0.99)
LYS-MgCl2 0.9 (0.6–0.92) LYS-TRE- MgCl2 0.97 (0.91–0.99)
LYS-CaCl2 0.82 (0.45–0.9) LYS-TRE- CaCl2 0.95 (0.94–0.97)
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crystals of any composition (i.e., salt-salt or salt-protein).
LYS-salt droplets did not display the dark spots observed in
the LYS samples. These observations indicated that even at
low concentrations, salts weakened the concentration and the
temperature dependence of the surface tension, therefore
stopping the Marangoni ﬂow.
LYS-MgCl2 and LYS-LiCl samples contained spectral
features similar to those of their respective crystalline hy-
drates. For an extensively dried LYS-LiCl sample, there was
an increase in the absorbance of the peak corresponding to
the carboxylate group in the hydrated protein (64) located at
1580 cm1. This could be attributed to the interaction of LiCl
with the COO groups of LYS, similar to what is observed
with Ca21 ions and equine lysozyme (65). Spectra from
LYS-NaCl samples were identical to that from LYS samples,
indicating that NaCl had little, if any, direct interaction with
the LYS upon drying, even though its presence in the solu-
tion stopped the Marangoni ﬂow. The structure of LYS in the
LYS-CaCl2 sample (Fig. 4 b) was quite different from that of
the hydrated LYS (and also different from those in other
LYS-salt samples). There was a signiﬁcant broadening of the
amide-I peak (a change typical of the formation of b-sheet
structures in proteins (66)) as compared to other dried sam-
ples, and the formation of an adjacent peak showing the
presence of crystalline hydrate structures. These data also
show that, as opposed to other salts, CaCl2 preferentially
interacted with LYS upon drying. This was also shown by
Arakawa et al. (50) by measuring the change in the partial
speciﬁc volume of the protein in the presence of salts.
Arakawa et al. concluded that the observed effect was pri-
marily due to the Ca21 ion binding to the protein (but not the
Cl ion). Mizughchi (65) also observed the an interaction
between equine lysozyme and the Ca21 ion.
In summary, spatially averaged r values in the desiccated
droplets were rLYS-LiCl # rLYS, rLYS-NaCl , rLYS-CaCl2 #
rLYS-MgCl2 (see Table 1 for details). Overall, average r values
were signiﬁcantly higher for LYS-CaCl2 and LYS-MgCl2,
probably due to speciﬁc salt-protein binding interactions,
which is not within the scope of the research presented here.
Salt solutions with TRE
TRE-salt solutions had similar TRE distribution as in the
TRE solutions, with TRE mainly accumulating at the periph-
ery of the droplet. In the presence of salts, there was an in-
crease in the absorbance of the TRE d-CH band located at
1420 cm1, whereas the asymmetric n-CH peak (originally
located at 2930 cm1 for the dried TRE, and at 2943 cm1 for
TRE in solution) shifted to higher wavenumbers as compared
to the dried TRE sample. TRE-MgCl2 samples had the
greatest shift in the n-CH peak (new location was at 2945
cm1, even higher than TRE in solution), followed by LiCl
(2941 cm1), NaCl (2938 cm1), and CaCl2 (2938 cm
1).
There was a decrease in the intensity of 1030 cm1 peak in
TRE in the presence of salts. This peak is associated with
n-CO, n-CC, and d-COH at C-4-O (which was attributed to a
change in hydrogen bonding) (63). There was also a shift in
the frequency of the glycosidic bond (originally located at
;1150 cm1) toward lower wavenumbers. This shift was
greatest in the presence of CaCl2 and smallest in the samples
containing LiCl and MgCl2. TRE and TRE-NaCl samples had
similar glycosidic bond frequencies, further proving that NaCl
did not signiﬁcantly affect the remaining water in the vicinity
of TRE. The n-OH peak located at ;3360 cm1 for the dry
TRE sample shifted to lower wavenumbers in TRE samples
containing LiCl, NaCl, MgCl2, and CaCl2. The lowest
wavenumbers for the n-OH peak were observed for the
TRE-LiCl sample. The location of the n-OH peak gives a
measure of hydrogen bonding with lower wavenumbers that is
indicative of a higher degree of hydrogen bonding.
TRE-LiCl samples did not exhibit salt hydrate peaks,
which indicated that LiCl did not crystallize out in the
FIGURE 4 IR spectra of the Amide I and Amide II bands of (a) hydrated LYS (rcenter ¼ 1), dried LYS (rcenter ¼ 0.65), and dried LYS-TRE (rcenter ¼ 0.93),
(b) Hydrated LYS (rcenter ¼ 1), dried LYS-TRE-LiCl (rcenter ¼ 0.99), and dried LYS-CaCl2 (rcenter ¼ 0.77).
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presence of TRE upon drying (as opposed to LiCl solutions).
As NaCl did not form crystalline hydrates, it was not directly
possible to determine if there was any change in the crys-
tallization kinetics of the salt in the presence of TRE.
However, the changes in the d-CH band (1420 cm1) of TRE
showed some interaction of NaCl with TRE. TRE-MgCl2
samples did not exhibit the characteristic crystalline hydrate
peaks of MgCl2, but there was evidence of its interaction
with the residual water as seen by a shift in d-HOH to higher
wavenumbers. TRE-MgCl2 samples had more entrapped
residual water than any other TRE-salt sample. TRE-CaCl2
samples did not have crystalline hydrate peaks for the sam-
ples dried on gold-coated or CaF2 windows, but seemed to
interact with TRE as seen from signiﬁcant changes in all
peaks related to the carbohydrate backbone.
Formation of cation-TRE complexes have been reported
in the literature (67,68), speciﬁcally for CaCl2 (68), which
forms a monohydrate complex with TRE. TRE-CaCl2 sam-
ples dried on BaF2 windows had small hydrate-like peaks
(Fig. 4 b), in addition to the spectral features observed for
TRE-CaCl2 samples dried on gold-coated and CaF2 win-
dows. In these samples, the coexistence of the crystalline
peaks, hydrate-like peaks, and peaks typical of amorphous
trehalose (69) proved the presence of multiple thermody-
namic phases within the same region of the desiccated
droplet: amorphous trehalose, CaCl2 crystalline hydrate, and
CaCl2-trehalose complexes.
These results showed the strong interaction of salts
(especially CaCl2) with the residual water, and TRE at low
water activity conditions, commonly reached during desic-
cated-state preservation, and lyophilization of proteins and
organisms.
Salt solutions with LYS-TRE
All LYS-TRE-salt droplets had similar deposition patterns
irrespective of the salt, with higher accumulation of LYS
toward the outer periphery (Fig. 5), following a steep gra-
dient. The difference in the distribution of TRE with respect
to LYS was very signiﬁcant in all of LYS-TRE-salt droplets
(similar to the LYS-TRE case examined before). In LYS-
TRE-salt droplets, LYS reached its maximum concentration
at the edge of the droplet, whereas TRE reached its maxi-
mum concentration at a distance of;100200 mm from the
edge, dropping to lower values at the edge. This meant that
the two constituents (the protein and the sugar) within the
FIGURE 5 Distribution of LYS and TRE and variation of r values within the dried (a) LYS-TRE-LiCl, (b) LYS-TRE-NaCl, (c) LYS-TRE-MgCl2, and (d)
LYS-TRE-CaCl2 droplets. X axis (position) in the ﬁgure corresponds to the radial distance from the center of the droplet.
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solution started to separate during drying. In general, the
TRE/LYS ratio did not change with location at the center of
LYS-TRE and LYS-TRE-salt solutions, but showed great
variation at the outer periphery, where the largest population
of LYS had accumulated. In LYS-TRE-salt solutions, even
though little or no crystalline or hydrate spectral peaks were
observed, there was visual evidence of some salt precipita-
tion toward the center of the droplet. This might be due to
higher concentrations of salt accumulating at the center of
the droplet, increasing the probability of precipitation. The
absence of hydrate peaks in most spectra was due to less salt
precipitation as compared to LYS-salt samples similar to
what was observed for TRE-salt samples.
Overall, LYS in LYS-TRE-salt samples had a similar
secondary structure to the LYS-TRE sample (Table 1). How-
ever, the LYS-TRE-LiCl sample had the highest raverage
value and the smallest variation in rwithin the droplet (Fig. 5
a). Very few crystal structures were observed in the TRE-
LYS-LiCl samples. The LYS-TRE-NaCl samples had the
greatest variation in r values moving away from the center
(Fig. 5 b). This might be due to the heterogeneous crys-
tallization of the NaCl at the center of the droplet. TRE-LYS-
MgCl2 had variations in protein structure, which were in part
related to the nonuniform variation of the TRE/LYS ratio
within the droplet (Fig. 5 c). Close inspection of the IR
spectra revealed that the TRE-LYS-MgCl2 sample had
higher water content than any of the other samples, probably
affecting the structure of the LYS in a positive way. The
presence of high water content was attributed to the high
coordination number of the Mg21 cation. No crystal struc-
tures were observed visually in the TRE-LYS-MgCl2 sam-
ples. TRE-LYS-CaCl2 samples had small variations in r
(Fig. 5 d) compared to LYS-TRE-NaCl and TRE-LYS-
MgCl2. Certain crystalline structures were present away
from the periphery, which also corresponded to relatively
lower r values. It was observed for all of the LYS-TRE and
LYS-TRE-salt samples that the decrease in the TRE/LYS
ratio at the outer periphery (where the majority of the LYS
population accumulated) caused a decrease in r.
In summary, in all samples raverage values ranged between
0.88 and 0.99 (Table 1). The higher r values measured in the
TRE-LYS-LiCl sample were probably due to the lower crys-
tallization tendency of LiCl and another synergistic mecha-
nism, which will be further discussed in subsequent sections.
It was noted that in the experiment concentrations, LiCl was
the ‘‘best’’ in terms of maintaining high r values throughout
the sample even though it could not completely eliminate the
spatial separation of the constituents (LYS and TRE).
All of the results are summarized in Fig. 6, where the size
of the symbols represents the percent total population of LYS
accumulated in a speciﬁc region within the dried droplet:
70% of the total LYS population accumulated at the outer
periphery in LYS solutions. This value dropped to 40% in
the LYS-TRE samples. In the LYS-TRE-salt samples, the
LYS population in the outer periphery ranged from 45 to
55%. The lowest populations were obtained with solutions
containing CaCl2, and the highest with NaCl. Mainly, the
strength (and probably the duration) of the peripheral ﬂow
dictated the size of the LYS population in the outer periph-
ery. With increased solution viscosity, the strength of the
ﬂow decreased. In the TRE-CaCl2 solution, viscosity was the
highest, and in the TRE-NaCl solution it was the lowest (data
not shown).
Changes in the structure of TRE
Spectral features of TRE were similar to those in the dried
TRE-salt droplets: There was a shift in the 1150 cm1 band
of the glycosidic bond, and a shift in the n-CH peak to higher
wavenumbers as compared to the TRE-LYS sample. These
shifts were investigated to elucidate the relation between the
TRE and LYS structures. It was observed that an increase in
the n-CH frequency was generally matched with an increase
in r (Fig. 7 a). r values approached the maximum value of
FIGURE 6 Change in r with location within dried droplets. The size of the circles represents the population of LYS at the respective region within the droplet.
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1.0 (hydrated LYS) as the n-CH frequency approached that
of fully hydrated TRE in solution (2943 cm1). It was further
observed that a higher glycosidic wavenumber correlated well
with an increase in r (Fig. 7 b). The general trend also indi-
cated that higher r values were obtained as the glycosidic
wavenumber approached that of TRE in solution (1150 cm1).
These results point toward a modiﬁcation in the hydration
characteristics of TRE in the presence of salts and indicate
the existence of a relation between the structure of TRE and
LYS.
Factors affecting LYS distribution
With increasing TRE to LYS concentration in the initial
solution, LYS accumulation patterns changed signiﬁcantly.
At 2.5% w/w TRE concentration (Fig. 8 a), the high vis-
cosity of the solution slowed the peripheral ﬂow signiﬁ-
cantly, therefore broadening the deposition ring (compare
the LYS distribution for 1% w/w TRE in Fig. 3 c). This
resulted in a higher accumulation of LYS at the center region
of the droplet, with smoother gradients at the periphery. The
higher concentration of TRE also decreased the drop in the
TRE/LYS ratio at the outer periphery. This enabled a more
uniform distribution of r within the droplet, with the raverage
reaching 0.97. With further increasing the initial TRE con-
centration to 5% w/w (Fig. 8 b), the effect became much
more signiﬁcant, yielding to a more uniform distribution of
LYS and r values (raverage ¼ 0.98).
The strength of the peripheral ﬂow could also be reduced
(without changing the composition of the solution) by forc-
ing the evaporation rate distribution at the surface of the
droplet to be more uniform. This was achieved by placing the
droplet in a small chamber, which had a small hole drilled
right above the center of the droplet. The air outside the
chamber was kept at 0% RH and room temperature. In this
setup, the evaporation rate on the surface of the droplet
reached a maximum at the center (right below the hole) and a
minimum at the periphery (far away from the hole),
eliminating the driving force behind the peripheral ﬂow
(41). This drying condition promoted the formation of a
more uniform deposit (both in terms of the TRE and LYS
FIGURE 7 Change in lysozyme structure (r) with (a) trehalose glycosidic n-CO and (b) asymmetric n-CH peak locations. Dashed lines are guide for the eye.
FIGURE 8 Distribution of LYS and TRE and variation of r values within
dried (a) LYS-TRE (2.5% TRE) and (b) LYS-TRE (5% TRE) droplets. Xx
axis (position) in the ﬁgures corresponds to the radial distance from the
center of the droplet.
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distributions), resulting in generally higher r values at the
center, and relatively low values at the periphery (raverage ¼
0.97). Another alternative for changing the deposition
patterns was by reducing the overall evaporation rate at the
surface of the droplet by slowly drying it in a higher
humidity environment (41). This resulted in a larger ring
structure for the 1% w/w TRE solution, smoothing the TRE
and LYS gradients. However, accumulation of LYS at the
outer periphery could not be eliminated (Fig. 9 a). At higher
TRE concentrations (for the 2.5% w/w and 5% w/w TRE
solutions), parabolic distributions for TRE and LYS were
observed (Fig. 9, b and c). Elimination of the variation in the
TRE/LYS ratio within the droplet, together with a relatively
smaller population of LYS accumulating at the outer
periphery, resulted not only in higher raverage values, but
also higher r values at the outer periphery (Fig. 9, b and c).
These experiments further showed the beneﬁcial effects of
eliminating LYS accumulation at the outer periphery.
Initial volume of the droplet (examined by changing the
initial solution volume between 0.1 and 10 ml) did not
signiﬁcantly alter the distribution of LYS or TRE (Fig. 10).
Due to a smaller aperture size (50 mm3 50 mm) used for the
FTIR analysis of the 0.1 ml droplets, the spectra were noisy,
giving unreliable r values. However, the TRE/LYS ratio
distributions within the droplets, with Vi ¼ 0.1, 1, and 10 ml,
were similar (Fig. 10). Only at the very edge of the outer
periphery r values dropped to slightly lower values in the
Vi ¼1.0 ml droplet as compared to the Vi ¼10 ml droplet.
This is attributed to the increase in the periphery/volume
ratio in the small droplets, which increased the surface area
accessible to LYS, and could be a much more signiﬁcant
factor in aerosol or spray drying applications (70).
DISCUSSION
These results showed that not only the chemical composition
of the biopreservation solution but also factors, such as non-
uniform surface evaporation ﬂux, Marangoni instability, and
solute-interface interactions, create spatial heterogeneity and
phase separation in drying sessile droplets. These factors
caused almost every protein molecule within the same so-
lution to be exposed to different drying and ﬁnal micro-
environmental conditions, making it almost impossible to
compare the state(s) of the preserved protein in different
solutions or to determine the preservation efﬁciency of a
particular chemical or a biopreservation solution.
The main result of heterogeneity in all of the experimental
conditions tested was the variation in the local concentra-
FIGURE 9 Distribution of LYS and TRE and variation of r values within dried (a) LYS-TRE (1.0% TRE), (b) LYS-TRE (2.5% TRE), and (c) LYS-TRE
(5% TRE) droplets. The droplets were dried at high humidity. X axis (position) in the ﬁgures corresponds to the radial distance from the center of the droplet.
Heterogeneity in Desiccated Solutions 2221
Biophysical Journal 94(6) 2212–2227
tions of TRE (the biopreservation agent) with respect to LYS
(the protein to be preserved). This caused the coexistence of
different thermodynamic states within the same region in the
droplet. Even though the presence of salts in the solution did
not directly affect the distribution of the TRE/LYS ratio
within the dried droplet (for the concentrations experimented
here), it directly affected the structure of LYS. This pointed
to a synergistic effect of salts with TRE to stabilize the
structure of LYS in a native-like state.
As summarized in Fig. 6, heterogeneous distribution of
the solutes determines the accumulation patterns and the sec-
ondary structures of the LYS populations within the des-
iccated droplet. Even though in the initial solution there was
enough TRE present to stabilize LYS (49), upon drying LYS
separated from TRE, leading to local variations in LYS
structure. Note the drop in the r values, especially in the
outer periphery region for a signiﬁcant LYS population
(40%) in the TRE-LYS samples. This drop is likely to be
related to the drop in the TRE/LYS ratio at the outer periph-
ery, as well as the interface-induced denaturation of LYS
(71). Variation in the structure of the protein within the
droplet was in line with the variation of the amount of re-
sidual water, which closely followed the TRE distribution.
This was a direct indication of the effect of TRE-water
interactions on the secondary structure of LYS.
Separation of LYS from TRE in the outer periphery of the
TRE-LYS solutions was one of the most compelling obser-
vations in this research. This behavior, at the ﬁrst look, could
be attributed to the well-documented surface afﬁnity of LYS
(72). The adsorption kinetics of proteins at the air-liquid
interface is affected by the speciﬁc sugar type and concen-
tration (73). For globular proteins such as bovine serum
albumin (BSA), it is known that surface adsorption of the
protein increases with its concentration in the bulk and with
the increased bulk concentration of sugars in the ternary
solution (74). An opposite behavior is shown for TRE-LYS
solutions (75). The timescales associated with the adsorption
of BSA and LYS at the surfaces are extremely long (;10–
100 min) when compared to the drying timescales observed
in this research (;1 min). Besides, the interface adsorption
kinetics of LYS is complex, with an initial transient regime
when LYS actually migrates away from the liquid-air inter-
face (76). Additionally, the higher viscosity of the solution
(due to the addition of TRE and salts), initially and during
drying, should be expected to decrease the diffusion of LYS
to the surface. The reasons for the observed LYS-TRE
separation at the outer periphery could be:
a. The increase in the surface tension with the addition of
TRE and the salts (especially LiCl, which increases the
surface tension by;30% in its saturation range) and the
resultant increase in the surface afﬁnity of LYS.
b. Increased hydrophobic attractive forces induced by the
denaturation of LYS at the interface (71,76), as
evidenced by the decreased r values at the outer pe-
riphery. These hydrophobic forces would then induce
aggregation of multiple layers of LYS at the interface.
The aggregation of LYS might also alter the behavior of
small solids, which accumulate at the edge of the droplet
forming a pinned-contact line (41).
c. Tertiary ﬂows induced by local Marangoni instability,
which forces LYS to selectively accumulate at the
outer periphery. Whatever the mechanism(s) may be,
the outcome is the drastic decrease in the TRE/LYS
ratio at the outer periphery, causing a steep reduction in
r values, where most of the LYS population accu-
mulates. This has direct implications in biopreservation
research: to reliably determine the preservation efﬁ-
ciency of a particular chemical or solution, or the state
of the preserved biological material or organism, it is
crucial to analyze the heterogeneities caused by the par-
ticular preservation method applied (drying, freezing, or
FIGURE 10 Distribution of LYS and TRE within dried (a) 0.1 ml and (b) 10 ml LYS-TRE (1.0% TRE) droplets. X axis (position) in the ﬁgures corresponds
to the radial distance from the center of the droplet.
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freeze-drying), and to devise ways to minimize heter-
ogeneity.
Heterogeneity and phase separation were also observed in
the LYS-salt droplets, with salt mainly precipitating at the
center of the desiccated droplet. This was also observed,
although to a lesser extent, in the TRE-LYS-salt samples.
The addition of salts to LYS or TRE-LYS solutions slightly
increased the amount of LYS accumulated at the periphery.
This may be attributed to an increase in the protein-protein
interactions and aggregation due to the addition of salts
(i.e., salting-out) (77). Accumulation of salts in the form of
crystalline hydrates in the center of the droplet, mainly away
from the LYS rich periphery, may have more important
implications in biopreservation: The only water left in the
sample would be associated with the salt crystals, and there-
fore would be unavailable to LYS. This would yield to
erroneous conclusions if the overall water content of the
desiccated droplet (which is usually measured by Karl-Fischer
titration or differential scanning calorimetry, or thermogravi-
metrically by simply baking the sample at temperatures
.100C) is used to measure the hydration level of the LYS
in the droplet, or the availability of water in the sample is
used to deduct conclusions about the state of the preserved
protein. Building on our observations, we can hypothesize
that most, if not all, of the measurements reported in the
biopreservation literature that rely on gross measurement
methods such as those outlined above must have, to some
degree, been affected by the heterogeneity in the samples.
There may be several reasons for the measurement of
higher r values in the LYS-CaCl2 and LYS-MgCl2 samples,
when compared to LYS-NaCl and LYS-LiCl solutions. One
possibility is that there is a greater amount of water in the
samples due to the presence of highly charged Ca21 and
Mg21 ions. The interaction of the Ca21 or the Mg21 ions
with LYS, similar to that described by Arakawa for BSA
(50), may also change a part of the LYS structure, causing it
to resemble fully hydrated LYS. The third possibility is that
salt-associated water (in crystalline-hydrate structures) may
be, to some degree, available to the protein.
Our results indicate that the addition of salts helped sta-
bilize the protein structure within the TRE matrix. All salts
affected the CH vibrations of TRE (Fig. 7 b), which was
attributed to the effect of the cations on hydrogen bonding
(63), especially since the Cl anion is very weak in terms of
its water structuring ability (78). NaCl in the presence of
TRE had only a marginally beneﬁcial effect on the LYS
structure, as it did not have any speciﬁc interactions, and
crystallized out of the sample (this was observed optically
with transmitted light microscopy). The effect of CaCl2 is
difﬁcult to determine, as it can interact both with LYS and
TRE. However, its strong interactions with TRE are likely to
be detrimental for the LYS structure, since TRE and CaCl2,
upon drying, can form monohydrate crystals (68). LiCl and
MgCl2 in combination with TRE act to stabilize the structure
of the protein. As LiCl alone does not stabilize the protein
structure, there must be a synergistic effect between the LiCl
and TRE, which protects the protein against desiccation.
However, in terms of their ability to form complexes with
carbohydrates, cations have been ranked by Angyal et al.
(55) as Li1 , Na1 , Mg21 , Ca21. Hence, it is unlikely
that the Li1 ion had any strong interaction with TRE. One
possible explanation for the higher r values in the LYS-TRE-
LiCl sample, and also the associated higher glycosidic bond
and CH vibration frequencies, is the effect of the Li1 ion on
the residual water. Although the mobility of the water in the
ﬁrst hydration layer of the Li1 ion is less than in the bulk
(78), the water molecules in the secondary and tertiary hydra-
tion layers are more mobile. This is also seen, to a lesser
extent, in Na1 ions. The ions affect the residual water (by
destructuring) thereby freeing the water molecules to make
hydrogen bonds with TRE and LYS. Therefore, it is possible
that the destructuring of water increases the probability of the
formation of TRE-H2O-LYS complexes (79), preserving
LYS structure. This explanation is also supported by the
higher degree of hydrogen bonding in TRE observed by the
shift in the n-OH peaks to lower wavenumbers.
Higher TRE concentrations cause higher degrees of
intramolecular hydrogen bonding (80), which should lower
the ﬂexibility of the TRE molecules (similar to that seen for
sucrose (81)). Higher concentrations of TRE also have a
lower glycosidic bond frequency (63). As the glycoside
oxygen does not participate in hydrogen bonding (80), it is
reasonable to suggest that the lower glycosidic bond fre-
quency corresponds to the lowered ﬂexibility of the TRE
molecule. One result of a change in the water organization
may therefore be an increased effective hydration and hence
reduced intramolecular hydrogen bonding of the TRE mole-
cule, which would increase its ﬂexibility, similar to what was
observed by Krischner (82) for 1/6 linked carbohydrates.
Hence, residual water probably mediates the interactions
among the protein, TRE, and salt (except Ca21). Due to
speciﬁc interactions with the Ca21 ion, TRE molecules
participate in a TRE-salt complex, and their glycosidic
frequency is lowered. Hypotheses are offered that link the
ﬂexibility of the TRE molecule to its protective ability
(81,83). Additionally, there are reports (79,84) with evidence
supporting the hypothesis that water molecules mediate
TRE-protein interactions, thereby allowing the sugar matrix
to more easily conform to the surface of the protein.
Our results and the discussions above helped us predict
that a higher TRE concentration in the biopreservation solu-
tion would eliminate the peripheral ﬂow that induces macro-
heterogeneity by causing selective accumulation of solutes at
the periphery and TRE-LYS separation, whereas moderate
amounts of LiCl in the solution would help eliminate the
microheterogeneity caused by the uneven distribution of the
residual water. Experiments were conducted to test this
prediction. It was observed for a combination of 5% TRE
solution and 1:1 LiCl ratio that uniform r values.0.99 could
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be obtained throughout the desiccated droplet (Fig. 11 a). As
predicted, increasing the LiCl concentration in the solution
(to 1:5) reduced the overall r values (;0.85) due to speciﬁc
interactions between the LiCl and protein (Fig. 11 b).
In this study, the model protein used was lysozyme due to
the fact that its properties and behavior have been character-
ized in detail in the literature, and that there are reports
establishing its interactionswith salts and trehalose.One of the
drawbacks of using lysozyme as the model protein is that it is
very resistant to thermal, osmotic, and chemical denaturation.
For example, excessive dehydration of LYSunder vacuum for
several hours did not lower raverage below 0.68. As such, the
synergistic effects of LiCl with TRE reported here may even
be underestimated. Since the purpose of this study was to
highlight the effects of heterogeneity and speciﬁc interactions
of cosolutes on the protein structure during preservation, this
is not considered to be amajor handicap. However, it warrants
future studies with more susceptible proteins. As previously
mentioned in the Introduction, the structure of the protein
during preservation is directly related to its poststorage
function and activity. To determine the poststorage function
and to establish its correlation with the protein secondary
structure during preservation, postdesiccation activity exper-
iments were also conducted, which showed that the proteins
desiccated in TRE-LYS-LiCl and TRE-LYS-MgCl2 solu-
tions indeed had the highest poststorage activity (E. Reategui,
V. Ragoonanan, and A. Aksan, unpublished data).
The driving potential behind the peripheral ﬂow is the evap-
oration rate ﬂux difference between the center of the droplet
(J$C), and the edge (J$E), which is expressed as DJ$ ¼
J$C  J$E. If D is the diffusivity and R (radius) is the
characteristic length of the droplet, then the ﬂow stress
exerted on the solutes can be expressed asD3 DJ$/R. On the
other hand, the viscous drag force on the solutes ism3 v3R,
where m is the viscosity of the solution and v is the char-
acteristic speed of the peripheral ﬂow. The viscous drag stress
is then m3 v/R. The ﬂow condition is determined by the tug-
of-war between these two stresses. Therefore, the character-
istic ﬂow speed is scaled as v ; DJ$3D/m. The Stokes-
Einstein relationship establishes an inverse relationship
between diffusivity and viscosity at constant temperature.
Therefore, the characteristic speed of the ﬂow scales as v ;
DJ$/m2. WithDJ$;O(3) (85), andm;O(4) reasonable
values for the characteristic speed on the order of mm/s is
predicted. This scaling law implies that a change in the
viscosity of the solution would have a strong effect (inverse
squared) on the ﬂow speed and can potentially stop it for all
practical purposes. This explains the cessation of ﬂow in the
sessile droplets when the TRE concentration is increased
from 1% to 5% (with an increase of ;40% in viscosity),
which results in halving of the characteristic ﬂow speed. The
fact that characteristic ﬂow speed is not a function of R also
supports our observations that the droplet size does not have a
signiﬁcant effect on the ﬂow or deposition patterns. The
peripheral ﬂow could also be stopped by increasing the RH of
the surrounding air. This indicates that not only the difference
but also the magnitude of the evaporation ﬂux is a factor
determining the ﬂow conditions. As discussed before, the
Marangoni instability is a function of the variation of the surface
tension, s, with concentration, c, and temperature T. Therefore,
a future full analysis of the ﬂow condition should be based on a
functional such as: v ¼ f(DJ$, J$E, D, m,@ s/@ c, @ s/@ T).
CONCLUSIONS
Currently, to our knowledge, there are no published studies
exploring the role of spatial heterogeneity induced during
preservation processes (cryopreservation, desiccation, or
lyophilization) on the viability and function of preserved
biomolecules and biological systems. In this manuscript, we
focused on the interactions of proteins with widely used
stabilizers and explored the physical and chemical mecha-
nisms of heterogeneity induced during isothermal desicca-
tion of sessile droplets. We conclude that:
1. Peripheral ﬂow, caused by contact line pinning and
nonuniform surface evaporation ﬂux, is the dominant
FIGURE 11 Distribution of LYS and TRE and variation of r values
within dried (a) LYS-TRE-LiCl (5% TRE; 1:1 LiCl) and (b) LYS-TRE-LiCl
(1% TRE; 1:5 LiCl) droplets. X axis (position) in the ﬁgures corresponds to
the radial distance from the center of the droplet.
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ﬂow within drying droplets, causing 40–70% of the
solutes to accumulate at the outer periphery in the form
of a ring.
2. During drying of sessile droplets, separation of its
constituents is the major source of heterogeneity. In this
study, the separation of LYS from TRE causing a lower
TRE/LYS ratio at the outer periphery was identiﬁed as
the major reason for the LYS structural modiﬁcation at
the outer periphery. The presence of sugars (such as
trehalose) at high concentrations in the biopreservation
solution slows the peripheral ﬂow, reducing the main
driving force behind separation.
3. Separation of constituents is also aggravated by speciﬁc
interactions of proteins with interfaces. This can be
minimized by changing the drying conditions (slower
drying rates and establishing a more uniform surface
evaporation ﬂux), increasing the concentrations of sugars
in the solution to increase viscosity, and by adding salts
to alter the surface afﬁnity of proteins.
4. The secondary ﬂow instability in desiccating droplets is
the Marangoni instability that may result in speciﬁc
accumulation of solutes in certain regions. The force or
the onset conditions of the Marangoni ﬂow can be con-
trolled by changing the drying conditions and by the
addition of salts to the preservation solution. The pres-
ence of salts in the solution disrupts the Marangoni ﬂow
in LYS-salt solutions and enhances the accumulation
of LYS at the edge of the droplet in LYS-TRE-salt solu-
tions.
5. Upon drying, the secondary structure of lysozyme changes
from its native state. The overall change is minimal in the
presence of salts and trehalose, followed by trehalose
only. Small spatial variations in the lysozyme structure
within the dried droplet are induced by the variations in
the local concentrations of salts and trehalose with re-
spect to lysozyme.
6. Formation of crystalline hydrates in the dried solution, or
entrapment of water in the trehalose matrix, may cause
overestimation of the water available to the protein in the
desiccated product. This may result in overestimation of
the water content or its availability to the protein.
7. At low concentrations, LiCl acts synergistically with
trehalose to preserve the native structure of lysozyme in
the dried state. The mechanism is attributed to the effect
of the Li1 on the structure of the residual water. How-
ever, at high concentrations it causes signiﬁcant reduc-
tion in r values due to protein-salt interactions. Salts
destructure the residual water (excluding the ﬁrst couple
of hydration layers), which in turn alters the hydrogen
bonded network. The water molecules in these layers
are then more free to mediate interactions between the
protein and trehalose (this was ﬁrst observed by Cottone
(79)). The effect of the destructured water and its sub-
sequent ability to mediate protein-trehalose interactions
are seen in the CH vibrations, and the glycosidic ﬂex-
ibility of the trehalose molecule and the higher r values
measured in the LYS-TRE-LiCl samples. Therefore, the
main effect of the salts is through the modiﬁcation of the
ﬂexibility of the trehalose molecule, increasing its pro-
tective capabilities.
SUMMARY
We have explored the mechanisms of heterogeneity in
desiccated sessile droplets of trehalose-salt solutions con-
taining lysozyme. We have utilized FTIR spectroscopy to
quantify heterogeneity in the deposition patterns of the
respective constituents in the solution as well as the effect of
this on the structure of trehalose and the protein. We have
observed separation of the protein from trehalose, especially
in the outer periphery of the droplet at low sugar concen-
trations. This was mainly caused by the dominant peripheral
ﬂow induced in the droplet. A progressively more uniform
protein accumulation at the center of the droplet could be
achieved by increasing the trehalose concentration in the
solution, adding speciﬁc salts, and controlling the evapora-
tion ﬂux gradients at the droplet surface (41). A direct link
has been shown to exist between trehalose structure and its
‘‘protection efﬁciency’’, and protein distribution and its
structure. Studies are under way to quantify the effects of
freezing and freeze-drying-induced heterogeneities on the
poststorage activity and viability of proteins, bacteria, and
mammalian cells.
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